A novel process of multi-annealing was proposed for forming well-arrayed ZnO nanostructures on asdeposited ZnO thin films that were prepared on quartz glass using a radio frequency (rf) magnetron sputtering at low temperature. It was found that the formation and morphology of ZnO nanostructures were strongly dependent on the reducing gas annealing processes. Oxygen ambient annealing between two reducing annealing processes had the effect of introducing more oxygen into the ZnO thin film, as well as improving the crystallinity of the ZnO nanostructures. An intense photoluminescence peak centered at 504 nm was observed in the wellarrayed ZnO nanostructures, due to the large amount of oxygen vacancies which existed on the larger surface area of ZnO nanostructures formed after the multiannealing processes at a low temperature of 430 ºC. These results show that multi-annealing processes are very effective in forming well-arrayed and controllable ZnO nanostructures.
1 Introduction Zinc oxide (ZnO), a wide direct band gap semiconductor with large exciton binding energy (60 meV) at room temperature, is one of the most promising II-VI compound semiconductors for optoelectronic devices [1] . Among the various ZnO-related nanostructures, one dimensional ZnO nanostructures have received increasing attention due to their properties and their potential application for nanodevices [2, 3] . Currently ZnO nanostructures are grown using several methods [4] [5] [6] . Vayssieres et al. [4] found that ZnO could easily be processed as nanowires or nanorods on solid using the sol-gel method. Ronning et al. [5] have investigated T-ZnO nanorods with different sizes and differently shaped legs synthesized by evaporating Zn particles under controlled conditions. However, a technique for producing well-arrayed and controllable ZnO nanostructures is still needed. In our previous research [7] , we succeeded in forming ZnO nanostructures using reducing annealing. In order to further control and produce wellarrayed ZnO nanostructures, we developed a novel lowtemperature multi-annealing process, which combines a reducing annealing process and oxygen annealing process. Multi-annealing processes were investigated for further understanding of the growth and luminescent mechanisms of ZnO nanostructures. This study may give significant impetus to produce well-arrayed ZnO nanostructures for future industrial applications.
Experimental
ZnO thin films (1 μm in thickness) were deposited on quartz glass by an RF (13.56 MHz) magnetron sputtering system using a sintered ZnO (5N) target. The substrate was heated and kept at 150 ºC before and during deposition. Ar with a flow rate of 30 sccm was introduced into the chamber as the working gas. The deposition pressure was kept at 7 Pa with an RF power of 180 W. Following deposition, the deposited films were annealed at 430 ºC in a conventional furnace in a series of steps: (I) forming gas (H 2 in N 2 : 2%) for 3 h, (II) oxygen for 1 h, (III) forming gas for 5 h. For safety, N 2 gas was introduced into the chamber for 5 min between step (I) and (II), and step (II) and (III). The crystal structure of the ZnO films was analyzed using an X-ray diffraction system (Rigaku ATX-G diffractometer), employing Cu Kα (λ = 0.154178 nm) radiation. The surface morphologies of the films were observed using a field emission scanning electron microscope (FE-SEM) system (JEOL-JSM7400F). The different luminescent characteristics of ZnO films under annealing process were measured by photoluminescence (PL) measurement, which was performed with an iHR320 Micro-PL/Raman spectroscope (Horiba Ltd.). A He-Cd laser with a wavelength of 325 nm at a power of 20 mW was used as an excitation light source. All of measurements were carried out at room temperature.
Results and discussion
The morphologies of the as-deposited ZnO thin film and ZnO nanostructures were examined using an FE-SEM system, as shown in Fig. 1 . It can be observed that the as-deposited ZnO thin film has a uniform and flat surface with an average grain size of about 300 nm. However, ZnO nanorods with uniform hexagonal heads have been vertically distributed on the ZnO films after annealing in the reducing ambient for 3 h. The evaluated diameter and height of nanorods are about 140 nm and 350 nm, respectively. After annealing in the oxygen ambient for 1 h, ZnO nanorods have grown slightly due to oxidation, without any change in the density of the nanostructures. The diameter and length of nanorods has increased to about 160 nm and 400 nm, respectively. Unexpectedly, higher density ZnO nanostructures of the reversed cones type with large hexagonal heads can be observed after annealing in the reducing ambient again for 5 h, as shown in the top view and cross-section of Fig. 1(d) . The average diameter of the stems of formed ZnO nanostructures increases gradually from 160 nm at the bottom to 470 nm at the top. The average height of nanostructures is about 650 nm. Figure 2 (1) shows the XRD patterns of ZnO thin film and ZnO nanostructures obtained at each step of the multiannealing processes. It is clear that the (002) diffraction peak is oriented highly perpendicular to the plane of the substrate for as-deposited ZnO film and nanostructures. Firstly, the (002) peak intensity of ZnO nanostructures is significantly increased after step I compared with asdeposited film, then substantially increases after step II and step III. The growing mechanisms of formed well-arrayed ZnO nanostructures might include vapor-solid mechanism (VS) [8] and vapor-liquid-solid (VLS) mechanism [9] , as described in our previous publication [7] . When the temperature increases, nuclear islands are quickly formed by the un-reacted zinc atoms on the surface of as-deposited thin film. Meanwhile, a reduction reaction, according to the reducing equation, H 2 + ZnO = Zn + H 2 O, occurs on the surface of ZnO thin film when H 2 is introduced to the furnace. With the temperature increased to over 420 o C (the melting point of the zinc atom), the reduced Zn atoms would evaporate and adhere to the formed ZnO nuclei, serving as selfcatalyst to form ZnO nanostructures along the preferential orientation path. During annealing in sufficient oxygen atmosphere (step II), Zn atoms produced from reduction reaction in step I would be oxidized to form ZnO, which contributes to slight regrowth of ZnO nanostructures as well as the introduction of oxygen into the ZnO thin film. Consequently, the crystallinity of nanostructures on thin films is significantly improved. During annealing again in reducing gas (step III), the growth mechanism is similar to that in step I. However, oxygen annealing in step II might increase the amount of oxygen in the surface of thin film and nanostructures. Therefore, the ZnO nanostructures could be regrown quickly in prioritized c-axis direction. When the reducing annealing time is further increased, the reduction product, i. e: formed H 2 O vapor, will be increased as well. This vapor would be absorbed on the top of the ZnO nanorods, and suppress the H 2 reducing effect on the top of ZnO nanorods. Consequently, the lateral growth of ZnO nanostructures will be enhanced. Finally, the ZnO nanostructures appeared as fluted reverse cones with hexagonal heads. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55 Figure 3 shows the PL spectra of as-deposited ZnO thin film and ZnO nanostructures. It is difficult to find visible range emission in as-deposited ZnO thin film. The intensity of UV peak increases at each post-treatment step, which indicates that optical crystallinity is significantly improved. A broad green PL peak is obtained from the ZnO nanostructures after step I, which means that the oxygen vacancies are introduced by the reducing atmosphere annealing. This corresponds with the well-accepted green emission principle in ZnO thin film [10] . It is reasonable to assume that, due to the oxidation reaction, there is a remarkable yellow shift with degraded intensity of visible light emission after step II. This shift leads to a quantity of oxygen vacancies being partially neutralized in both the formed nanostructures and thin film during annealing in pure oxygen ambient. Furthermore, the much enhanced PL peak shifts back to 504 nm after annealing step III. According to the morphology of ZnO nanostructures that have bigger size hexagonal heads and greater height, it is possible to assume that many more oxygen vacancies are produced by the lengthier annealing time and are present in the nanostructures with a larger surface area.
Conclusion
The effects of multi-annealing processes on forming ZnO nanostructures on the ZnO thin films were investigated. Well-arrayed ZnO nanostructures with the appearance of fluted reverse cones capped with hexagonal heads were obtained via a novel multi-annealing process. The crystallinity of ZnO nanostructures was also improved. ZnO nanorods with oxygen vacancies contribute to green luminance after treatment in reducing gas. Oxygen annealing between the two reducing gas annealing processes contributed to efficiently introduce the oxygen into the ZnO thin films, leading to ZnO nanostructures regrown quickly. An intense green emission centered at 504 nm was obtained, ascribable to the large amount of oxygen vacancies on the formed enlarged surface of ZnO nanostructures after multi-annealing processes at a low temperature of 430 o C. Therefore, the multi-annealing process is an efficient method to form well-arrayed ZnO nanostructures, which might be applied in optoelectronic devices in the future. 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60   F  o  r  P  e  e  r  R  e  v  i  e  w 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57 Wiley-VCH physica status solidi   1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54  55  56  57  58  59  60 
